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suMMARY

Boundaqplsyermessurementsweremadeinthetransonicand
supersonicregionsofa channelhavingmaximumcross-sectional
&imensions3.84by10innhesanddesignedbypotential-flowmeth-
odsfora uniformMaohnumberof2.08inthetestsection.At
Inletpressuresfrom37toM inchesofmercuryabsolutejturbu-
lentboundarylayerswereobservedthroughoutthechannel;atan
inletpressureof5 inohesj lmninarboundarylqerswereobsemea
neartheohannelentranoewithturbulent~ers &mnstresm.

A coqmisonoftheexperimental@ theoreticallyccqmtea .
boundarylayersatthehighinletpressuresshowed@od agreement
whenempiricalfriotionmefficientswereevaluateafromRe~lW
nmbersbaaedonthekinematicvisoosityoftheairatthewall.
Despitethisagreementbetweenexperimentandtheory,localMf-
ferencesinratesofboundary-layergrowthstillexisteathatare
attributetosemndaryflowsintheboundaryl~er.

Atlowinletpressures,substantialincreasesintheboundary-
layerratesofgrowthwithanunevendevelopmentoftheboundsry
layeralongthebottcmwallofthechannelwereobserved.

Expezllmentalandempirimlslsiri-frictionmefficientswerein
pooragreementatallinletpressures.Secondaryflowsinthe
boundary~er causeabystatic-pressuregradientstransverseto
thestresmdi??eotionarebelievedtobethereasonsforthepoor
hgrement.

II?J!R(YMJCTION.
.

,Aknowledge
flowshesbeccmw

ofviscouseffectsintransonlcandsupersonic“
increasinglyimportantbecause.ofthedemandfor

improvedaocuraoyinthep%dictionofhigh-speedfli@tphenomena.
Inparticular,vimouseffectsonthewallsofsupemonicohsnnels
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mayprofoundlyd’feettheuniformity
stream,therebyimposinglimitations

NACA

oftheflowinthetest
ontheusefulnessofsuch

.

m 2203

.

channe~fori%estigat&theflowonmodels.

Thepotentitiflowina supersonicchannelmaybereadily
determinedbythemethodsofreferences1 and2. Inreference3,
a methodisproposedfor~’etiicrting the turbulentboundary-layer
developmentfortwo-dimensionalflowswithpressuregradient.In
thismethod,thevelocityprofileisapproximatedbya powerpro-
fileandtheparticularpowerprofileandthevalue& skin-friotion
coefficienkareobtainedfromempiricallexrsfor turbulentboundary
layem.Becausetheselawswereformulatedfranresultsobtained
atlowspeeds(reference4),thevalidityoftheirextensionto
boundarylayersinsupersonicstreamsisnotapparent.

Thepresentstudy,whichwasconductedatthelWCALewislab-
oratory,presents:(1)enevaluationofthemethodofreference3
forpredictingthebtiary-lqyerdevelopmentalongthecontour
wallsandthesidewallsofa typicalsupersonicchannel;and(2)
aninvestigationofthevalidity& thepower-profileparameter
andtheskin-friction.coefficientassumedinthemethod.The
aotualf1* ina two-dimensionalsupersonicchannel,however,dti-
fersfromtheidealizedflowassumedintheanalysisinreference3
becauseofcornereffectsandsecondaryflti;hencea prectsecheek

i!

between.experiment
wasthereforemade
mentandtheoryin
uatetheseeffects

andtheoryshouldnotbe&ected. Anattempt
toaocountfortb dflerencesbetweenexperi-
termsofsecondary-fluwphenomenaandtoeval-
qzalitativelyinthechannelinvestigated..

.

APRw4Tm \

A diagramofthe3.84-by10-inchtestchannelusedinthis
investigationwiththeadjacentsurgechaniber,Mffueer,piping,
valves,andscreenandpertinentdimensionsisshowninfigure1.
Themaximumpressureattainableattheinletwas40inchesofmer-

curyabsoluteandthem@imumexheustpressurewas~~inches&
mercuryabsolute.

Thesuprsonionozzlewasaesign~togivea potential-flow
“Machnmiberof2.08bythemethdofreference1witha throatof
conse~tivelylargeradiusandisshowntoscaleinfigure2.
Thebellmouthcontraction,thecontourofwhichisnotshownin
figm%2,consistedofsmoothlyfairedsurfacesgeneratinganarea
contractionratioof12.

.

.
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Theentirechannelfromthebellmouthinlpttothesubsonic “
diffuserwasconstructedofstainlesssteelmachinedandpolished
toamaximumsurfaceirregularityof10microinches.NOZZ16coor-
dinateswereaccurateto4Q.O1Oinch.

.

Thelocationsatwhichthebouzdary-l~ertotal-pressuresur-
veysweremade~ alsoshowninfigure2. Static-pressureorj.-
fices0.013to0.020inchindiemeterwereplacedattheselocations
andfourthermocoupleswereembeddedinthesidewallnearthesur-
faceatthepositionsindicat~.

Bothsingle-tubeandrakeprobeswereusedformeasuringthe
boundary-l~erpral’iles.Thesingle-tube-probetipsweremadeof
stainless-steeltubingha@nga O.020-inchoutstiediameterflat-
tenedtoO.006-inchoutsidethickness.Therake-probetipsvaried
fram0.015-toO.050-inchdiameter.SomeoftheO.015-inti- “
diezneterti~ wereflattenedtoO.005-inchotisid6thickness,
othersto0.010,andstillotherswereleftcircular;theflattened
tipswerenearestthewall.

Thelengthoftheprobeswasdeteminedbynothg
u~treemthewallstatic~essurewasdisturbedwhena
suppmtwasintroducedintothestream.Theprobewas
toplacethetipconsiderablyupstreemofthfsuoint.

howfar
dummy-probe
thendesigned
Thefour

probesusedinthisinvestigationareshowninfigure3. R?obesa
apd b were3 incheslong,c was4 inches,end d wasvariable
from6 to12inches~ Probed didnotpossesssufficientrigidity
forgreataccuracybutthelengthwasnecessaryfortransonicand
mibsonicmeasurements.

Boundaq-lWersurveys

mocErmRE .

weremadeinthepositionsindicated
infigure2 usingprobesa, b, and d on&e sidewalland
probec onthebottomwall.I&obed wasusedat x= 5.3inches,
probeb at x >9.3inches,andprobea atseveral~ositions
tocheckthemeasurementsofprobeb,wherex isthedistance
ininchesdownstreamofthegeometricalthroatofthenozzle.

Foreachx locationoftheprobe,thestagnationpressure
wasveriedfrcm37to5 inchesofmercuryabsoluteformostofthe
rune,althou@someoftheresultspresentedrangefrom40to
5 inches.Theincrementsbetweenthev-ous inletpressures
investigatedvariedfrom4 to24inchespfmercury;thesmaller
incrementwasusedinthepressurerangeatwhichappreciable
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changesintheboundary-layerdevelopment-tookplace.Theinlet
temperatureanddew-pointtemperatureatatmosphericpressurewere .
selectedaq130°and-20°F,respectively,togivecondensation-
-freeflowatallinletpressures.I&essuredataweretakenonly
af%erthechannelside-walltemperaturereaohedequilibrium,as .
indicatedbytheembeddedthezmmoouples. J

TheconventionalequationsforreducingpressuredatatoMaoh
numberusingsubsonicandsupe~onicpitottubeswereused(re&er-
ence2,pp.26and77).

.

EmmMimTALAOCURACY
.

Themaximumtotalvariationsofthestagnationconditionsdur-
inga.givqnboundary-~ersurVeyor fromonerunto anotherfrom
theconditions~eviouslystatedwere:

Resemoirpessure,in’.Hg. . . . . . . . . . . . . . . .=.05
Reservoirtemperature,%?... . . . . . . . . . . . . . . =
Dewpointatatmosphericpressure,OF . . ... . . . . . . . @

Inevaluatingtheaccuracyoftheboumd~-lqertotal-
pressuremeasurements,threesourcesofpossibleerrormustbe
considered:(1)manometererror,(2)probe-positioningerror,and
(3)probeinfluenceonthebou@arylqer.

Asa conservativevalue,themaximummagometererrorwas
estimatedata consistent&O.1 inohofmerouryfora givensurvey
- hadItsgreatesteffectonthecompubedvalues& M, W,
and,6 whenappliedtothestatic-pressuremessurenmnt.(The.sym- ‘
bolsusedhereinaredefinedintheappendix.) Thechiefprobe-
positioningerrorwasinzeroingtheprobeagainstthechannelwall ●

andhada consistentm@mum valueof&O.002inohforprobesa,
b, q c andMI.005inohforprobed fora givensurvey.At
inletpressuresof37,13,and5 inohesofmerouryabsoluteand
Maohnuniberof2:0,themaximumemorsduetomanometerandposi-
tioningerrorsaresumarlzedinthefollowingtable:

Inlet I Error I Error I Emor
pressureI inM inK I in8*

PO (peroent)(percent)(percent)
(in.‘Hg)
37 2.3 0.s 2.0
1.3 6.7 .5 2.6
5 17.3 .5 6.7

,- :--- .- .
.-.

!. -..

Error
‘in(3

(proent)

“ 0.5
1.4
3.4

>
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Forstationsupstreemofthe%estsection,wherethestatiopres-
sureincreases,thepercentageerrorinmeasuringkh number “
shouldbelessthanthevaluesshownihthepreceding“tablefora
giveninlet pressure. !Qiepercentageerrorin W and 6,how-
ever,shouldincreaseasthe~obe ismoveduptreambeoausethe
increasedpositioningerrorassociatedwithreducedboundary-layer
thicknesseswilloverbalancedecreasederrozwinmeasuringMach
number.

Othererrors,suchas those resultingfrcmtheinfluenceof
theprobeontheboundarylayer,couldnotbecheckedquantita-
tively.Theobservationwasmade,however,thatstaticpressures
increasedupto2 percentastheprobetipapproachedthewall.
!Chiseffectwaspesent withprobesoflength3 to12inchesaad
couldnotbeeliminatedbylengtheningtheprobe.

A comparisond boundary-layer-profilemeasurementsusingthe
single-tubeprobe.(probea)andtherake(probeb)showedexcel-
lent agreementinmeasuredvaluesof Ml and 5. A randomvaria-
tionintheprofileshape-frcmonetesttoanotherobtainedfrom
bothprobes,however,produceda variationofO to10percentin
thevalue’of 8*. Theeffectiveprobecenterwasconsideredtobe
atthegeometricaloenter“ofthb~obetip.

Theaccuracyof
wask2° F.

.

thet~eraturemeasurementonthesidewall

RESULTSANDDEWJSSIOJ!3
. .

MachNumberDistributionsalongChannel

A requisiteforevaluatingtheexperimentalflowmeasurements
ofthisinvestigationisthatthetheoreticalpotential-flowMach
numberdistributionthrou@outthechsnqelbeknown.Inotierto
obtainthetheoreticalMachnumberdistributionsalongthecurved
bottom-wallandtheflatside-wallcenterlinesinthesupersonic
partofthechannel,themethcdofcharacteristics(reference2)
usingtheassumptionofuniformparallelflowinthenozzlethroat
waseqloyea● Thesedistributionsarehlicatedinfigure4. :

Shownalsoinfigure4 aretheexperimentalstresm”Machnmn-
berdistributionsfora”rangeofinlet pressures P. of 5 to
40inchesofmercuryabsolute.Z!heMachnuuiberwasccmputedby -
tl$omethods:(1)frommeasuredlocaltotalandstaticpressures,
and(2)frcunmeasuredinlettotalandlocalstaticpressures.Mach

5
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numbemin the teqtsecttonc~wteabythefirstmethcddeoreased
onthebottomwall(fig.4(a))astheinletpressurewasreduoed
andinoressedonthe+3idewall(fig.4(b)). Conversely,.theMaoh
nmibemcomputesfrommeasuredinlettotaland.100alstatiopres-
sureswithnoprobesinthestreaminoreesedonbuthwallswith
decreasing&essures.Noreasonforthisbehaviorisknown.

Furtherc!onrp=isonsoftheMaohnmiberat PO valuesof13
and5 inohesofmercury(fig.4)showedlargeirreguh%ritiesin
thedistributionwhenMaohnumberwasmuputedbythefirstmethod
andsmoothdistributionswhenusingthesecond.Partoftheirreg-
ularityinusingthefirstmethdwasnodoubtoausedbydeoreased
aoouraoyinthelow-pressureresults,butthegreaterportionof
itisbelieved.tobeduetoaotualirregularitiesintheSirflow,
possiblyweakshockwaves.These-irregularitiesinthqflowaia
not@Yeotthe“statiopressureatthewallandhenoearenotindi-
catedintheMaohnmherccmputedbyassuminga constantstagnation
pressure.

.

TheMaohn~berdistributionsobtainedfromthei~ettotal
andlcnalstaticpres8ureswereinoludedinfigure4 forccqarison
onlyandwerenotusedm theanalysisoftheresults.The.curves
oftheoreticalpotentialflow,correctedforexperimentalboundary-
layer&evelopnent,willbeaisoussedinthesection“Bound~-
IayerDevelopment.” “

AnotherobservationtobeMe fromfigure4 isthatthe
experimentalMaohnumbersobtainedframlocaltukl andstatic
pressurefrequentlyexceedthepotential-flowvaluesat PO of13
and5 inohesofmeroury.AlthoughtheamountsthattheseMachnum-
bersexceedthepotential-flowvaluesarevery.closetothemaximum
experimental.error,themnsistenoyoftheseresultsandthe
appearanceofthe.seineresultsinindependent,uqubli8he&tests
corroboratetheqresentfind.ings.Also,thevaluesontheside“
wallaremuohhigherthanthoseonthebottanwallattheselow .
pressur8sfora largepartoftheohannellength..

Lsstl.y,a c~a@son oftheMaohnimiberdistributionsfor
PO of37‘and21inohesofmeroury(fig.4(b))showsthemtobe
~aoticallythessme,whiohmeansthatnosignificantohangesin
thepotential-flowtUstributionorbourilary-~eraevelopnent
occurredint~s pressurerange.

o

.
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TemperatureReoove~and
.

Prtitl Nmiber

Experimentalrecoveryfactorsqr werecomputed

.

frommeasured
reservoirtemperatureTo,measured&nnel-wallsurfaoetempera-
ture~, andcomputedstreamtemperatureT1 basedonlocal
experimental.Machnumberandweredefinedby

Thesevaluescd?~r werethencomparedwiththeoreticalvalues
,foraninsulatedplategivenbytheone-thirdpowerofthe~andtl
numberW (reference5),wherethevalueof = wasa function-
ofthetemperatureatthe@l” (reference6). Thefollowingtable .
summarizestheseresults:

(i:. )
-1.3
18.3
36>
54.3

Atthefirstposition,

J/3
Ml ~ llr

(OF)
0.88 118 0.8520.888 “
1.76 102 .876 .889
2.04 98 .881 .890
2.01 98 .879 .890

wherethewalltemperaturewasabout40°F
aboveroomtemperature,thevalue@ &‘ wasabout4 percent
belowPrl/3;wheredsatthethreeremainingpositions,forwhich
thew&lltemperaturewasonlyabout200F aboveromntemperature,

1/3.Thesethevalueof qr wasless than1*percentbelowPr
resultsindicatethat-heattransferthroughthewallsissmallazii
mayprobablybeneglectedincauputing=locitiesintheboundary
layerandotherbcundary-l~erquantities.

Theassumptionofzeroheattransfertie inreference3 -
usedinthepresentanalysishasbeenshown.tobeapproximately
correct,buta questionstillremainsconcerningtheerrorintro-
ducedbyconsideringthePraadtlqumberequalto1 intheinterpre-
tationofthedata.Thisproblemisanalyz~indetailinrefer-
ence7,whereitwasfoundthatthe%seof Pr= 1 ledtoan
errorof3 percentinthevelocitynearthewallsurface,which
rapidlydiminishedtoO asthefreestream(M= 2.O)wasapproached.
As-a risultoftieseerrorsinvelocity,
0.1percentwereintroducedip 5* and
intotheskin-frictionmeamrementsalso

subsequent&rors~f
e. Theerrorsintroduced‘.
weresmall. Thesimplifying

.,

. .
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essumptioneofzeroheattransferanda Prandtlnmuberof1 used
inthefollowinganalysis@ereforeappehrtobejustified. .

Boundary-LqerDesmlopment“

Experimentalboundary-layerdevelopment.-Nondimezi.eional‘
boundary-layervelocityprofilesu/w– againstYE fortheside
wallinthe.traneonic-flowregionofthechannel(nozzlethroat)
atvariousinlet~essuressreplottedinfigure5. Theboundary-
layerthickness5 isdefinedasthatdistanceintiey-direction
(perpendiculartothewall)atwhiohthevelocity~ = 0.99Ul,
whereU1 istheasymptoticstreamvelocity.Theseprofileswere
measti throughouta rangeoffree-stresmMachnumbersfrom0.57
to1.68.Theprofilesat PO of37.and13inchesofmercuryare
typicalturbulentprofilesth?xmghout;whereasthoseat PO of
5 inches‘arelaminarfor xS’5.3inchesandturbulentfor
x > 9.3inches.Theoreticallaminarprofiles(reference8)sssum-
ingnoheattransfererealsopresentedforthelowestinletpres-
surecorrespondingtotheexperimentalMachnumbersat x of-6.7
and5.3inches.Becausethetheoreticallaminarprdileswerebased
onflat-@atetheory,whereastheexperimentall~e= appeared.in
a highlyfavorablepressuregradient,the‘disagreementbeweenthe
two.shouldnotbesurprising.Thesimilarityof+heslopesnear
thewall,however,identifiestheexperimental.pxl?ilesaslaminsr..

Nondimensionalvelocityprofilesofthebouudarylayerthrou@-
outtheent- channelsrepresentedinfigure6 at PO of37Inches
ofmercuryforloththebottcmandsidewalls.LOgmitbldoc~~-
dinateswereusedtofacilitatecomparisonsbetweenthetheoretical
pcwer-lewprofilesandtheexp@mentaJ-points.@e theoretical
profilesarerepresentedbythestraightlines.withtheappropriate
valueofthepower-prd’ileparameterN,whichdefinesth~shape
ofthetheoreticalboa-lqver powerprofilegivenby

.
(2)

Incqing theeczperhnentalandthecmeticalprofiles,itisseen
thatthebestagreementisreaohedatthegreaterdistancesdown-
stream,whichcorrespondtotheregionsofnearzeropressuregra- I
client.Theresultsshownin figure6 will befurtheranalyzedin
a followingafic~sionofthepower-pz%fileparameter.

Thebo@ary-lWer~evelopmentintermsofthebcmndary-layer
thickness8,thedisplacementthicl!ness8*,andthemomentum

.

.,..-.

.
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$

thickness8 forthebottomandsidewallsatinletpressures
from37to5 inohesofmercuryabsolutearepres’bntedinfigure7.
Alsoincludedarecurvesfairedneartheexperimentalpofntithat
wereusedinevaluatingskin-friotioncoefficients,

Thebourdary-lqer&evel_.ntsfor 20 of37~nohesofmer-
curyonthebot@mandsidewallsareoharaoterizedbysmoothdis-
tributionsof 8, 5*,and 0 alongtheohannellength.The
develoymntfor P. of21inohesofmerouryalongthesidewall
(notshaminfig.7(b))wasnearlythesameasthatobtainedfor
PO of37inohesofmeroury.Deoreasesininletpressurebelow’
21inohesofmerouryresultedininoressesintherateofbounda,q-
layergrowthintheturbulentregionsanddecz%asesintheleminar
regions. Inaddition,theboundary-lqerdevelopmentsalongthe
bottomwallandtheMaohnumberdistributionsoffigure4(a)(com-
putedfromlocaltotal.andstaticpressures)becomehighlyirreg-
ular.These~gulsritiesintheboundary-layerdevelopmentare
notcaused_@marilybythedecn~edaoouracyofthelow-~ssure
measuremerrts,butratherreflecttheactualirregularityal?the
bound~-l~erthickness,themeasurmnentoftiiohaOwnot
stronglydOpOtiontheaocuracyofthepressuremessurements.

Anotheroharaoteristicofthelowinlet-pressureresultsis
tieapparentincompatibilityoftheMaohnumberdistributionsalo~ - -

theohannelwiththeboundary-l~erdevelopment.Boundary-layer
displacementthicknessesareconsiderablygreaterforthelow-
pressureflowdownstreamintheohaunelandlessinthethroat
region;yetsubstantialincreasesinMaohnumbertirenoticedas

.

‘theinletpressurewasnaucea.Thisanomalywaspreviously
pointedoutwhenitwasshownthattieexperimentalMachnuuiber
exceededthetheoretical@ential-flowMachnqmberatlowpres-
sures.ComparisonofthetheoreticalMaohnmiberdistribution,
whtchhasbeencorreotedforthepresence& theexpe~en~ dis-
plaoementthickness,withtheexperimentalMaohnuniberdistribution
throughouttherangeofinletpressuresemphasizesthisanomaly.
CurvesoftheoreticalMaohnumbercorrectedfor 5* aregivenIn
figure4 forthebottomand.sidewalls.Incorrectingthepctential-
flowMaohnumberitwasassumedthattransversetothestrea
diz’ectiontheboundaryl~erwasofconstantthicknessandveloc- ‘
itydistribution.Thegecmwtricohannel-srearatioswerethencor-
rectedforthedisplacementthiclmessand,withtheassumptionof
one-dimensionalfluw,thecorrectedpotentialfluwMaohnumbers
wereobtained.

A comparisonofthecorrectedpotentialflowandexperimental
Machnumberdistributionsinfigure4 indicatesbetteragzwement

.
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forthehi@-inlet-pressurerangethanforthelow
PO isprogressivelyreducedto13and5 inchescf

NAOATN

pressures.As
mercury,incrses-

i~ disagrGmentisnot~,thatis,thecorrectedpotentid-flow
Machnumberisgenerallylessthantheexperimental.Theboundary-
layerdisplacanentthidrnessisbelievedtovaryina dtiection
transversetothestream,therebyinvalidatingtheone-dimensional
-area-ratiocorrection.Thepresenceofsuchnonuniformityd the
boundarylayerispossibleifseoondzqflowsarepresent.The
variationinthediscrepancybetweentheexperimentalandcorrected
potential-flowMachntiez%!b figure4 astheinletpressureis
changedsuggestsa variationintheintensityofthesecondary
flowswithReynoldsnumber.

Reynoldsnumberandtr”imsition.-Inreference3,twodefini-
_&ionsofReynoldsnunderwereinvest@dxW.inthedeterminationof
the turbulentskin-frictioncoefficientina pressuregradient.
Onedefinitionisbasedonthekinemeticviscosityofthefree
streemq andtheother,onthe”kinematicviscosityoftheair
adjaoenttothewallin_&ebmnxlarylqer
tenas

Ulzl
Re. = —x,1

‘1
.

and

Uw.The~maybewrit-

(3a)

I

(3b)

2203

ThetermsEl and ~ aretheequivalentlengthsofturbulent
runonaflatplatenecessaqtoproducea knownboundary-layer
momentumthidnmss.Theselengthsofrunwereccmputedassuminga
flat-plateskin-frictioncoefficientdependentonReynoldsnumber
basedonstresmandwallkinematicviscosiths,respectively.

TheprecedingmethodsforevaluatingReynoldsnvniberare
indirectandmay%ereplacedbymoreconvenientdefinitionswhen
e iskn#wn;suchas

(4b)
..

.— - - ——-— -- --. .
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Theapplicabilityofthesetwo
beinvestigatedfurtherinthe
coefficient.

Laminarboundary
mercury.forvaluesC&
x of9.3 inches(the
dist~cesdownstream,
hersRee.1 and Ree.

definitionsofReynoldsnumberwill
aisc~si~oftheskin-friction

layerswereobservedat Pn of5 inchesof
x= 5.3inchesonthesi& wall.At
nextpositioninvestigated)andatgreater-
turbulentlayerswerefound.Reynoldsnum-
W andthosebasedon 8*,Re~*1 and

Reb*,lra% x of5.3’and9.3inchesarelistedwi~ &ues given
byGoldstein(reference9)forthecommencementoftransitionin
thefollowingtable:

Distancefrom Transition
throat”x (Goldstein,
(in.~ reference9)

5.3 9.3
LeminarTurbulent

%,1 288 845 -----------

R%3,W 193 433 -----------

Re~*,I 913 1982 560to1700 /
Re~*,w 612 1015 -----------

Apparentlytransitiontookplaceneartherangegivenby Goldstein
~ eitierReb*,1 or Re5*w fallaintoit. Thelowestvalue.of
Re8*1 computedforthebo%tcmwallwas1160andnoleminar
boun&y lqyemwereobservedthere.

Formparameters.- In reference10,vonDoenhoffandTetervin
suggesttheusefulnessoftheturbulent-formparameterHi for
definingtheshapeoftheboundary-layervelocityprofileatlow
speedswherecompressibi~ityisnegligible.Intheparameter
Hi= 5i*/ei,b~* and ei arethedisplacemental momentum
thicknesses,respectively,whicharecomputedassumingconstant
streamden&ityintheboundaryl~ernbrmaltothewall.

.
Turbulent-fcm parameterscomputedassuminga variabledensity

intheboundarylayerH andformparametersHi arepresented
infigure8 forthebottomandsidewallsatthevariousinlet
pressures.Anoutstandingcharacteristicoftheseplotsisthe
constancyofthevaluesof Hi of1.20forthebottomand1.24
forthesidewallthroughoutthesupersonicregion,withthe .\

11

.
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exceptionofthethroatregion,whichsuggests
‘profilemaybeindependentoftheMachnmiber.
H and Hi nearthethroatweretheresultof

thatthevelocity
Theincreasesin .
changesin velocity

profile;thekregularitiesInthedistributionstherewerecaused
bya greateruncertaintyinherentintheboundary-layermeasure-
mentsbecauseoftheve,~smallb~ary-layerthicknessesand
largeprobeflegibility..

Aleoincludedinfigure8 are-theoreticalvaluesof H
obtainedusingthetheoryofreference3. Theagreementbetween
theoqyandexperimentappeazwtobebetteratthehighinletpres- “

. sureswherethebundary-layerdevelopmentwassmooththanatthe
lowp?essures,andappeazwbetteratvaluesof x greaterthan
8 inchesthanatvalueslessthan8 inches.Valwsof H -a
fromabout1.5nearthechannelent~e toabout3.2fartherdown-
streamforbothexpertieptandtheory.Thislargerangeofvalues
isdirect.=attributabletothecompressibilityoftheaira+hi@
-Machnumbers;thelargemagnitudeof H atthedownstreamposi-
tionsisattributabletothelowdensityoftheairintheboundary
layernmr thewall.Hence,thepredominantchangeintheboundaq-
~er-p??ofiledevelo~ntoccurredinthedensitydistribution.

Comparisonofexperimentalandtheoreticalboundary-lqer
development.-A @eoreticalmsthcdfordeterminingtheturbulent
boundary-layerdevelopmentwingtheK&m&nmomentumequattonis
giveninreference3 andisusedtopredicttheboundary-layer
developmentinthetwo-dimensionalsupersonicchannelinvestigated
inthisreport.Thefollowlngassumptionsinthenmthcdare
discusse~: ,

1.Noheatistransferred$hroughtiechannelwallsanduse
ofa Prandtlnuuibereqmlto1doesnotleadtoinadmissibleerror
incomputingthebotiarg-layerdevelopment~

2.apiricallme fortheturbulentboundary-leyerpower-
profileparameterandskin-frictioncoefficientobtainedatlow
subsonicspeedsinzeropressuregradientscanbee@endedto

,supersonicflowsinhighlyfavorablepressuregradients.

3.Theoretical%ound~-l~erdevelopmentdoes.notaffectthe
. theoreticalpotentialflowsufficientlytomakea secondcalcula-
tionofthebounhry-layerdevelopmentnecessary.

4.Thepressure.gradientstransverse
donotproduceappreciablesecondary-flow

.

tothestreadirection
effects...

. .

----- ,----- ——— —-. — ----- ..-— — -----. . ..> .,. ..- ..’
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Thefirstoftheseassumptionshas
andhssbeenshowntohavea negligible
layerdevelo~ntaudtheskin-friction

. .13

alreadybeenconsidered
effectontheboundary-
coefficient.Theaccuracy

intheremainingassumptionstakencollectively-beestimated
bya comparisonofth~experimentalandtheoreticalboundary-layer
developmsmts.

Infigure~ th~experimentalturbulentboundary-layerdevelop-
mentsintermsof 8,5*,and 13at P

?
of37inchesofmsrcury

asobtainedfromexperhmtandtheoryreference3)arepresmted.
Twotheoreticaldevelopmentswerecomputedusingturbulentpower-
profileparametersandskin-friction-coefficientlawsbasedon
R~-1 a R~–,wOA comparison& thesetwotheoreticaldevelop-

4mens withtheexperhnentaldevelopmentshowsthatthetheoretical
developmentin whichRe~,wisusedtoestimatethepower-profile
parametersandskin-frictioncoefficientsisthebetterbyfaron
boththebottomandsidewalls.Inalmosteverycase,theuseof
R%,1 givestheoreticalbouudarylwerstistam farthickerthan
experimentalthroughoutthe,channel.

Becausecd’ihximporlxmceindeterminingthes~ friction
fromprofilemeasur~nts,therateofgrowthof the boundary
layerexpressedby 5,8*,and 6 mustbeconsidered.H therate
isincludedinthecomparisonitwillbenotedthatevenin.the
caseofthetheoreticalboundary-l~erdevelopmentcamputedusing
%,W significantdisagreementsoccurbetweenexperimentandthe-
ory.Thistrendisespeciallytrueonthesidewallwherethe
experimentalgrowthneartheentrancetothecharm@ (x< 20in.) ,
islessthantheoreticalandfarther@rnstresmwhereitis
greater.Onthebottomwall,thereversedtrendisapparentbut
toa lesserdegree.Thesedifferencesintherateal?boundary-
layergrowthareprobablycausedbysecondaryflowsinthebound~
layerandtillbediscussedmoreadequatelyina latersectionon
skin-frictioncoefficient..

A secondcalculationofthebound~-l~erdevelopmentwas
madetodeteminetheeffectofthetheoreticaldisplacement
thicknessontheassumedpotentialflbw.A onq-d~~ionalcor-
rectionsimilartotheoneemployedearlierincorrectingthe
potential-flowMachnumberdistributionforthepresenceofthe
experimental.displacementthicknesswasused;theresultingcor-
rectedpotentialflowwasusedtorecomputetheboundary-l~er
developmenta secondtime.-es intierecomputeddevelopment
wereless
thefirst

than2 percent,indicatingsufficient.accuracyinusing
approximationonly.

.-. .. ... .-. .—.. ..-— —.. —-..-. . -—- -.--—. — . —.-— — —— --- -.. -- ——--— .—.——.- -.—.
,,-



, ._—.—
.

14 NACATN

%wer-profilepersmeter.-TheTower-profileparemeterN,
whichdefinestheshapeoftheboundary-layerprofileacmrdingto
equation(2)j wasev&atedfrmutheexperimentalMaohnumber@
turbulent-fozm-parameterdistributionsalongthechannellength
foraninletpressureof37inohesofmeroury.Thedistribution
of IVthusobtainedispresentedinfigure10forthebottomand
sidewalls.m ordertoobtainN fromape?.’imentalvaluesof M1
and H,usewasmadeoftable111ofreferenoe3,inwhichIVis
givenasafunotionof Ml and H. BecauseN isextremelysensi-
tivetosmallvariationsineitherM1or H andbecausethevex-
iationof H withx infigure8 isnotsmooth,fairedvaluesof
H wereusedindeterminingN.

Empiricalvaluesofthepwer-prafileparameterarealsopre-
sentedinfigure10tobecomparedwiththeexperhnentalpoints.
Theseempiricalv&l.wsaregivenbythefollowingformulae:

whiohwasusedinreference
dtiferencebetweenN1 A
Reynoldsnumlerencountered
nent 1/14issmall;hence
ablehere.

3,bysetti& u/~ = 1. Verylittle
~ isappmentfortherangeof
inthisexpez5mentbecausetheexpo-
eitherfilor ~ isequallyaocept-

A comparisonbetweentheexpmnhentalandempiricalpower-
pratileparemetezwshows,ingeneral,thattheempiricalvalues
underestimatetheexperiinentalvaluesonthebottomwallandover-
estimatethemonthesidewall.Inconsiderationofonlythe
proximityofthesidewalls,itwouldappearthattheexperimental
power-profileparameteralongthebottom-wallcenterlinewouldbe
lessthanalongtheside-wallcenterlinebecausethe boundarylayer
alongthebottomwallissubjecttoa largeextenttotheviscous
aotionprolucedbythesidewallsnearthechanneloorners.The
aotualbehaviorofthepower-prdileparameter,however,contradicts
thissupposition;theonlyexplanationfortheactualbehaviorappears
tobeintheexistenoeofsecondaryfloys.

AnothermethcdfordeterminingN fortheexperimentalTro-
fileswouldbetofinddirectlythevalueof N thatoorrespomls
mostcloselytotheexperimentalprofilesinfigure6. A selection

.

.

.
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of a valueof IVcorrespondingtotheexperimentalTrofileisdil’-
ficult,however,becausetheexperimentalpointsactuallycross
severalvaluesof N,particularlyfortheu~treamboundary
l~ers. Onlyfortheamtre~ profilescana rationalselection
of N bemade,andtheretheagreementbetweenthisnewvalueof
IVwiththepreviouslydetermined.experbmlnlvaluewillbegood.

Skin-FrictionCoefficient

Exper~ntalskin-frictioncoefficients(of)1 werecomputed
alongthewallcenterlinesbysubstitutionofthefairedvalues
of Ml,8*,and 8 ~esentedinfigures4 and7 intotheK&m&
momentumequation(reference3) fortwo-dimensionalflowalongthe
bottomwall

[1‘+f%l%=~~‘(’)’“a)
andthree-dimensional

J

divergentflowalongthesidewall

Theexperimentalfrictioncoefficientssocaputed arepresented
infigures11to13forthebottomandsidewallsat PO of37
tO5 inchesd’mercury● . .

Accuratecalculationofskin-frictioncoeffI.cientsbythepre-
cedingmethcdisd~icultparticularlyatthelowinletpressures
whereconsiderablejud~nt isnecessaryforfairingcurvesfor
theMachnumberdistributionandboundary-layerdevelopment.The
measurementofderivativesinequations(6a)and(6b)makesthis
taskevenmoreclifficult.Forthesereasons,itwasnecessaryto
usecurvesthatwerefairedneartheexperimentalvaluesof“M
&d theboundazy-layerdevelopmentandtoavoidinflectionpoints
exceptinthetransitionregionoftheboundarylayerontheside
wallat P of5 inchesofmercury.

?)
A~te a~%e defla-

tionsin ~ ~ computedfrcuufairedandunfairedresultsare
listedinthefollbwingtable:

.

15

.

.-. ----- - —— .,. —..---. .—.—. —.—— ___ __ —.— .-.——- ———---—— ---



16 NACA& 2203

Inlet Deviationsin(cf)l ●

pressure percent)
. P* BottomSide

(in.) wall wall
37 s Go
13 AO &20

. 5 Ho HO
,-

Frictioncoefficientsalongthebottomwalldroppedseverely
fromvaluesaveraging0.0023at x = O forthethreeinletpres-
sures.Incontrast,moregradua.+dropsbeginningat (cf)lof0.0011
to0.0016tookplaceonfhesidewallsat x = O. Generally,ftic-
tioncoefficientsonthebottomwallcontinuedtodropsmoothlyto
x= 9A inches(thelastposition.surveyedonthebottomwall);
thevariationalongthesidewallwasmoreerratic.Onthe.side
walla prmmuncedincreasein (cf)1 occurredbeginningat
x= 16inchescontinuingto x = 64inchesfor PO of37tithes “
ofmercury.At PO of13inches,theside-m sti friction
tendstoremainfalrl.yconstantinitiallywitha finalswingupward“
fartherdownstream.Thevariationaf (of)1 at PO of5 tides
ofmercuryshowsthepeakin (cf)1 ne~ x =”5 fi~est~w Place
inthetransitionregionandlevelingoffsimilarlytothedistri-
btiionfor PO of13inchesafmercury,butsomewhathigher.

Apparentbreaksinthedistributionof (cf)1 alongtheside
wallaatallthreeinletpressuresnearx = 32inchesaredirectly
attributabletothefactthatthebourdary-layerflowdoesnotfol-
lowtheassumedpotential-flowstreamlines.Suchabruptchanges
in (%)1 obviouslycannotextstandarisesimplyfra elimination
ofthetem e/r inequation(6b)atthevertexofthetest-
sectionrhombuswherer,asobtainedf- thetheoreticalPotential
flow,becomesinftiite.Hence,a definiteneedexistsfor.flm-
directionmeasurementsinboundarylwem whenthetiernalpoten-
tialflowlarapidlyturned.

Anmpirioal’turbulentskin-frictioncoefficientlawgiven
firstbyFalkmr(reference4)isrestatedanditsextensionto ‘
highl@chnmiberspro~sedinreference3,whereitisgivenas

“f)~jlorw =
0.0131.

[ 1
l/7

Re-x,lorw

(7)

● ✌

●

.

. .
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Both (~)~,1and (~)~,wwereWed tocmte thetheoretical
boundary-l~erdevelopmentspresentedearlierInfigure9. Falkner
givesanalternateformoftheprecedinglawthatcanalsobe
extendedtodependonthekinematicviscosityatthewallaswell
asthestream: .“

(Cf)e,l or~ = 0.00653

E 11/6‘e)lorw

(8)

#
lJhenonlystreamvaluesofthekinematicviscosityareconsidered,
therespectivecoefficientsareequal:

!J!hecoefficients
wallarerelated

(Cflx,l=CCf)e,l “

basedonthekinematicviscosityevaluatedatthe
toeachotherbyintegratingequation(6a),sssum-

ingzeropressuregradient,andsubstitutingtheresultingvalue
of x intheexpressionof (cf)~,wjeqwtion(7).Thefollowiw
relationbetween(~)~,wa (Cf)e,wthenexists:.

ThusbyextendingFalkner’sformula,whichisbasedon Vl,tofor-
mulasbasedon Vw,threedifferentvalues& thefrictioncoef-
ficientcanbedefined.Thesethreevaluesarepresentedinfig-
ures11to13andwerecomputedfromtheexperimentalReynolds
numbers.Inf@ure13(b),leminarcoefficientscomputedfromref-
erence8 arepresentedfortheregioninwhichlsminarboundary
layerswereobserved.

Inpresentingthecoefficients(cf)x,wad- (Cf)e,w,amul-
tiplyingfactor~/pl wasincluded.Theresaonbecomesevident
whentheright-handsideofequations(6a)and(6b)isshownin
thefollowingforms:

(Cf)W
T=

Ppf’
(Cf)l

Thecoefficients(~)w and (of)1 aretheskin-friction
ficientsevaluatedwith ~ sad PI,respectively.

.

. .

coef-“
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A ~eviouscomparisoninfigure9 involvingtheexperimental
andtheoreticalbound~-l~erdevelopmentsshowedthatthecoef- *
ficient(cf)~,vgavebetterresultsinccmputi+gtheturbulent
boundary-layerdevelopmentthan (~)~,1. A cmparisonof (~)~,v
@ (of)6,W sh~ OX sli@td~ferences~~ itu therefore
be concludedthateitherofthesecoefficientsissuitablefor
computingthetheoreticalturbulentdevelopment. .

Comparisonsoftheexperimentalandempiricalskin-friction
coefficientsshowagreepent.inordezwofmagnitudeonlyandd~s-
PIW considerabledifferencesindetailedvariationsalongthe
channel.Theextremelyhighvaluesof (%)1 near.x = O infig-
ures11(8)and12(a)forthebottomwallareinsharpcontrastto
theempiricallypredictedvaluesandtotheexperimentaland
empiricalcoefficientsfoundinthesameregiononthesidewalls
(figs.n(b)and12(b)). Likewisethefairagreementbetween
experimentandempiricismforthebottomwallfartherdownstream
contrastswiththepooragreementdownstreamonthesidewall
wheretheexperimentalcoefficientsbegintorisedespitethecon-
tinuedincreasesin Reynoldsnumber.

Thegoodagreementbetweenexperimentandtheoryinthe
boundary-layerdevelopmentusingtheempiricalskin-frictionlaw
basedonthewallkinematicviscosity(fig.9)esPdistinguished
fromthepooragreementbetweentheexperimentalandempirical
skin-frictioncoefficientscanbeexplainedonthebasisofdif-
ferencesintherateofboundary-layergrowth.Oneofthefactors
usedinevaluatingtieexperimentalfrictioncoefficientsisthe
rateofgrowthd6/dxand d6/drinequations(6a)and(6b).
Also,ananalysisoffigures9 ~ 11showsthat,forregionsin
whichtheexperimentalboundary-l~ergrowthismorerapidthan
thatpredictedbythemethdofreference3,thefrictioncoef-
ficientsarelikewisehigherthanempiricalandviceversa.This
analysisconsiders,ofcourse,onlythetheoreticaldevelopments
andfrictioncoefficientsinvolving(cf)~,wbecausethosebased

& onstreemvaluestitheIcLnematicviecositydepartedtoofarfrcim ,
experhuent.Becausethediscrepanciesh theexperimentaland
theoretioalboundary-~ergrowthswerebelievedtobetheresult’
ofsecotiery-floweffects‘andbecauseskin-frictionandboundary-
l~erdevelopmentaredirectlyrelated,thesameexplanationwould
followforthediscrepanciesbetweentheexperimentalandempirical
fricti?ncoefficients.

.

.

.
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Thetheoreticalleminarfrictionmefficientsshowninfig-
ure13(b)comparereasonalilywellwiththemeasuredvaluesinview
ofthelow-aocuraoyOharaoteristicofthemeasurementsofthethin
laminsrbcnndarylayers.

SeoondaryFlows

Inboththetheoreticalanalysisofthebo@ary-layerdevel-
opment(referenoe3)SM inthepresentexperimentalanalysis,the
implicitassumptionhasbeenmadethatintheboundarylayerno
flowoccumaorossplanes-normaltothewallendortentedinthe
directionofthe@xnxtialflow,thatis,thatseoopdaryflowsare
negligible.Thisassumptionisknowntobeinvalidforflowshav-
ingstatic-pressuregradientstranmwmetotheseplanes(refer-
ence9);theerrorintro&ucedbyneglectingsecondaryflowsmay
accountforthedisagreementbetweenexpemlmentad theoryandthe
variousotheranomaliesobservedintheaualysis of the experimental
results.

Anynozzleflow will havethefollowingcharaoteristios:
(a)Thestreamlines-oftheflowoutsidetheboundarylayerwill
tendtofollowalongthepredictedpotential.flowstreamlines;and
(b)thestreamlinesoftheflowinthebound.ary-l~erwilltendto
followthestatic-pressuregradient.Inallsuohnozzles,with
theexoeptionofaxiallysymetricones,theseohaxaoteristics
willgiverisetoseconhryflowsintheboundaryQyercorre-
spondingapproximatelytothesecox-f lowpatternsketchedin
figure14. Thestatic-pressuredistributionsp/P.alongthe
sideandbottomwallacausingtheseseoondaryflowsarepresented
inthesamef@ureandaretaken.frcmthetheoreticallycomputed
potentialflow.

Inthetraneonicandinitialexpamionregionofthesuper-
sonicnozzle,thebound- l-r temlstoflowtowazdthetopand
bottomwalls;ad inthestraighteningregion,towardthecenter
lineofthesidewalls.Suohtranevemeflowoflow-energyair
mayaocountforsomeofthedisagre&uentsbetweenexperimentand
theoryintheboundary-layerdevelopmentspresentedearlier.This
flowwouldcausetheretamiedrateofboundary-l~ergrowthnear
theentranoeandtheacceleratedgrowthfartherdownstreamonthe
chennel-side+mllcenterllneandthereversedbehavioronthebot-
tomwallpreviouslynoted.Aieo,thelowvaluesofpower-profile
peremeterN obse=edonthegreaterpartofthesidewallcom-
paredwiththehighervaluesonthebottomwallsuggesta transport
oflow-energyairtowardthecenterlineofthesidewall.

. . . . . ....—. .——. - --- ----.——. .-, - ...—..------ _——_ —.. —-— — -—. - -——————
. . . . ..,
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MoredetailedanalysesofotherPeculi=itlesobserved,such
asthegreatdifferencesinMachnumberbetweenthesideandbot-
tomwallstithetestsectionatlowpressures,thepresencecf
leminarboundarylayersonthesidewallsandturbulentbounlary
l~ersonthebottbmwallnearthechannelentrance,andhigher
Maoh.nunibersinthepresenceofgreaterb~-l~r thicknesses,
cannotbeexpectedwithoutspec~icresearchintosecondaryflows.

Theexistenceofsecondaryflowsasprevio~lydescribed.indi-
catesthatflow-directionmeasurementsarenecessarytodetezmlne
theextentofthethree-dimensionalchazaoteroftheboundary-layer
flow.Iftheflowdepartsappreciablyfrcmthe”ass.- two-
dimensionalform,momentumequations(6a)end(6b)exenolonger
applicableforc~uting@in-frictioncoefficients.Forchannels
havinghigherMachnunibez%thantheoneinvestigated.herein,the
pressuregradietiswillbelargerandthesecondary-flowphenommia
willbecamemoreserious. \

SUMMARYOFRIMm(!s
Boundary-layermeasurementsweremadeina two-dimensional

channeldesignedbypotential-flowmethodsfora udf’orm,test-
seotionMachnuniberof2.06.InvestQationsati~etpressuresof5,
13,and37inchesofmercuryabsolutegavethefollowingresults:

1.TheMachnuniberdistributionthroughoutthechannelandthe
boundary-layer-profiledevelopmentwerealmostindependentofthe
inletpressureintherangefrom37to21inchesofmercury.From
13to5 inchesofmercury,substantialchnigesintheMaohnumber
distributionandbotiary-layerdevelopmenttookplace.

2.Wall-surfacetemperature-recove~factorswereapproxi-
matelyL percentlowerthantheoreticalrecoveryfactorsfor

2
insulatedsurfaceswithturbulentMundaryl~rs. .

3.Turbulent-boundery-1~~profileswerefoundthroughout ‘
theohennslatallinletpressureswiththeexceptionofthe
entranceregionofthesidewallataninlettotalpressureof
5.inchesofmercury. .

.-

4.Thebestappradmationoftheboundsry-layervelocitypr-
ofilestopower-lawprofilesoccurredinregionsofzeropressure‘
gradient. .

.

----- -----
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5. Tramitionoftheboti~ l~erfran
ontheBidewallocourredwithintherangeof

21
-.

laminartoturbulent
Reynoldsnumberof

913to1982basedonboundary-layerdisplacementthicknessand
kinematicviscosityevaluatedinthestreem.Thistransitionis
withintherangecommonlyaocepted.Nolaminarl~erswereobserved
onthebottomwallandReynoldsnuniberstherewerehigherthanon
thesidewall. .

6. Turbulent-formparametersccmpu’bedassumingconstantstresm
densityinthebound- layer‘remainedconstantat 1.20 forthe
bottomand1.24forthesidewallthroughouttheohannelforall ‘
inletpressuresexceptintheregion cd’the throat wherethese val-

uesincreemd.Turbulent-formparameterscomputedwithvariable
densityintheboundarylayerveriedfromapproximately1.5near
thech~el entrdnoeto3.2inthetestsection.Thepredominant
changeintheboundary-l~er-~filedevelopmentoccurredinthe
densitydistributionwithrelativelysmallohangesinthevelooity
distribution.

7. Themagnitudeoftheexperimentalboundbry-layerdevelop-
mentataninlettotal~essureof37inohesofmercuryagreedwell
withthetheoretical,magnitudewhenturbulentskin-frictioncoef-

I ficientsbaaedonthekinematicviscosityoftieairatthewall
wereused.Theprinoipaldiscre~cybetweenexperimentandthe-
orywasintherateoftheboundary-layerdevelopment;whichwas
p~babl.ycausedbysecondsryflowsin the boundarylayer.Because
thepresenttheorydoesnottak secondaryflowsintoaocount,a
precisecheckbetweentheoryandexperimentshouldnotbeexpected. .,

8.Ingeneral.,theexperimentalpower-profileparameterswere
higherthanempiricalonthebottomwallandlowerontheside
wall.~ .

9. E@ricalcoefficientsusingReynoldsnumbeisbasedonthe
kinematicviscosityatthewallappearedtocozd’ormmoreclosely
toexperimentthanthoseusingReynoldsnumbersbasedonthekine-
maticviscosityInthestream.A discontinuityinthedistribution
ofthesecoefficientsalongl%esidewallwasattributedtolarge
deviations‘intheradiusofstreamlinecurvaturefromtheassumed
potentialflow.Suchdeviationsindicatetheneedforflow-direction
measurementsinadditiontoconventionalboundary-layerpressure
measurementsforexperimentallydeteminlngfrictioncoefficients

----- .- -, —.—. — .—— - -- —-——-- -—-—.——-- —---— — .— --— .—— .—. - —.
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.

inflowswithpressuregralients.Thedisagreemmtbetweenthe
experhentalandempiricalfrictioncoeffio~entswasprobably. .
causedbysecordaryflowsintheboundaryl~er.

.
‘+

LewisFlightPropulsionLaboratory,
NationalAdvisoryCmmitteeforAeronautics, 3

Cleveland,Ohio,April28,1950.
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JuJPENDrx- SYM60LS

Thefollowingsymbolsareusedinthisreport:

(Of)l

(Cf )V

(%);,1

(Cfk,w

(%)6,1

(of)e,w

H

Hi

M

N

P

Pr

P

R%,1

R~,w

localcoefficientoffrtctionbasedonde~ityevaluated
atstreamedgeo~bounierylayer,T/Q1Ulz-

localcoefficient20ffriction.besedondensityevaluated
atwall,7/~ul

empiricallocalcoefficient& frictionbasedon R~-,l
anddensityevaluatedatstre~edgeofboundaryley&

empiricallocal.coefficientoffrictionbasedon R~,w
anddensityevaluated.atwall

empiricallocalcoefficientoffrictionbasedon Ree,l
anddensityevaluatedatstreemedgeofboundaryl~er

emptiiciallocalcoefficientcd’frictionbasedon Ree,w
anddensityevaluatedatwall

turbulent-formpersmeterassuqdngvariabledensityin
boundarylayer,8*/@

turbulent-formparemeterassumingconstautstreamdensity
inbounikqylayer,Gi+i

Machmmiber
y i/1’J

()
power-profileparameter,~ = -

3.
totalpressure,absolute

Prandtlnmiber

staticpressure,absolute

Reynoldsnmiberbased
kinematicviscosity
layer

Reynoldsnuniberbased
kinematicviscosity

onequivalentlengthofrunand
evaluatedatstreamedgeofboundary

onequivalentlengthofrunand
evaluatedatwall

.. -..-..—. .... -.. .—--$ - .- ---- - — ----- -.. — .-—. — —-. -— ---- —— ------------
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R=e,1

r

T

Y

11~

e
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Re~oti xnmberbasedonmomentumthicknessandkinematic
viscosityevaluatedatstrewedgeofbuundarylayer

Reynoldsnumberbasedonmomentumthicknessaudkine-
maticviscosityevaluatedatwall

apparentradiusof.rsdi&lflow .

temperature

velocity

0.99~

distancedownstreamofgeometricmzzlbthroat

equivalentlengthofturbulentrun ,
distancenormaltowall

ratioofspecificheats

boundary~l~erthickness

boundary-layerthickness

.displacementthicknessassumingvariabledensityin
p8 o

boudarylayer,
J o

displacementthickness.

inboundarylayer,

()1 -J=o‘1%
‘assuming constantstreamdensity
p8

Jo(wh-Y’
t-rature recoveryfactor

momentumthicknessassumingvariabledensityinboundary
pb

2203 ,

..

.
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momentum thicknessesmningconstantetresmdensityin

~v ~\

v kinematicviscosityofair .

P density

T shear

Subscripts:

o

1

w
.

1.
.

2.

3.

4.

5.

6.

value

valqe

value

.

stressatwall

takenin

takenat

takenat

Foelsch,Kuno:A New

surgechsmber

Streemedgeof

wall

km

boundarylayer

MethodofDesigningTwo-DimensionalLaval
NozzlesfOra l?arallelandUniformJet.Rep:NO. NA.&-235-2,

Thermo@amics Sec., Eng. Dept.,NorthAmericanAtiation,Inc., .
May27,1946.

Liepmann,HansWolfgang,- Puckett,AllenE.: Introduction
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Inc.,1947.
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Tucker,Maurice:ApproximateTurbulentBoundaqy-LayerDevelop-
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. NACATN2045,1950.

Falkner,V.M.: A NewWw forCalculatingDrag.Aircraft~.,
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